Niemann-Pick type C (NPC) disease is a rare, primarily pediatric disorder characterized by accumulation of cholesterol and other lipids in the viscera and central nervous system. Approximately 95% of NPC cases are caused by mutations of the NPC1 gene, while the remaining 5% are caused by mutations in the NPC2 gene (1, 2) . Affected individuals typically present in early childhood with ataxia and progressive impairment of motor and intellectual function, and usually die in adolescence. There are currently no FDA-approved therapies for this progressively fatal neurodegenerative disorder. However, a recent controlled study and a series of case reports suggests efficacy for miglustat (3) , an inhibitor of glycosphingolipid biosynthesis that is now licensed for use as a disease modifying therapy in multiple countries, including the European Union, Russia, Brazil, Australia, Canada and Taiwan.
A major barrier to developing new therapies for NPC1 disease has been the lack of an inexpensive and noninvasive diagnostic test. The current diagnostic standard for NPC1 is an invasive skin biopsy and filipin staining, which is only available in one of several specialized clinical laboratories world-wide (4) . This approach is confounded by "variant" NPC cases that have normal filipin staining and, therefore, require another diagnostic method for their detection. Together, the complex and time consuming processing of the biopsy and lack of sensitivity of the filipin test have contributed to significant diagnostic delays in pediatric cohorts (>4 years) and in adults (>6 years) with NPC1 disease (5, 6) . The delay in diagnosis is unfortunate since early intervention is likely to yield the most benefit in this disease.
Loss of NPC1 function results in endolysosomal accumulation of unesterified cholesterol (7, 8) , which is the hallmark of NPC disease. In NPC1-deficient cells cholesterol accumulation is associated with cellular oxidative stress, as evidenced by increased production of reactive oxygen species (ROS), oxidative damage, and a gene expression profile indicative of oxidative stress (9, 10) . In the NPC1 mouse model, the oxidative stress is accompanied by elevated ROS and non-enzymatic oxidation of cholesterol in multiple tissues (11) (12) (13) . These cholesterol oxidation products, specifically cholestane-3β,5α,6β-triol (3β,5α,6β-triol) and 7-ketocholesterol (7-KC), similarly were markedly increased in the plasma of all human NPC1 subjects studied (13) . The 3β,5α,6β-triol and 7-KC markers were not increased in the plasma of other neurodegenerative or lysosomal storage diseases, correlated with severity and age of onset of disease, and, in a NPC1 disease model, were reduced in response to therapy (13) . These findings indicate that 3β,5α,6β-triol and 7-KC are NPC1 disease-specific biochemical markers and suggest a role for these markers in diagnosis of NPC1 disease and evaluation of therapeutics in clinical trials.
To date, quantification of oxysterols in biological samples has been accomplished principally using gas chromatography-mass spectrometry (GC-MS) methods (14) (15) (16) (17) (18) . Though this technique provides sensitive by guest, on November 9, 2017 www.jlr.org Downloaded from detection of oxysterols in complex mixtures, GC-MS-based methods are hampered by labor-intensive sample preparation and extraction procedures and by requirement for relatively large plasma volumes. Here we describe the development of a sensitive and specific liquid chromatographic-tandem mass spectrometric (LC-MS/MS) method capable of quantifying 3β,5α,6β-triol and 7-KC human plasma after derivatization with N,Ndimethylglycine. In this study, we describe a non-invasive, rapid and highly sensitive method for diagnosis of NPC1 disease, and use this assay to discriminate with high sensitivity and specificity between control and NPC1 subjects.
MATERIALS AND METHODS

Chemicals and reagents
Cholestane-3β,5α,6β-triol (3β,5α,6β-triol) was obtained from Steraloids, Inc. (Newport, RI). Services (Winchester, VA). All plasma samples were collected in ethylenediamine tetraacetic acid dipotassium salt (EDTA-K 2 ) containing tubes.
Stock solution preparation
All the stock solutions (1 mg/ml) were prepared in methanol. A working solution containing 10 µg/mL of 3β,5α,6β-triol and 10 µg/mL of 7-KC was prepared by the dilution of the stock solution with methanol. was prepared in methanol.
Sample preparation
Standards, QCs, blank or study samples (50 µL) were aliquotted into 2 mL polypropylene tubes. Since the LC-MS/MS assay was designed to only measure free or unesterified oxysterols, saponification of plasma samples during sample preparation, which is necessary for measurement of total oxysterol species, was not required.
Elimination of this step avoids the known degradation of oxysterols that occur during the alkaline hydrolysis procedure and the possibility for overestimation of total oxysterol concentrations (21) . To each tube internal standard/protein precipitation solution (250 µL) was added except that methanol (250 µL) was used for a blank. 
LC-MS/MS analysis
Sample analysis was performed by HPLC-MS using a Prominence UFLC system (Shimadzu Scientific Instruments, Columbia, MD), and a 4000QTRAP mass spectrometer (Applied Biosystems/MDS Sciex Inc., Ontario, Canada). Data were acquired using Analyst software (v. Table 1 .
Standard curves
Because of the endogenous presence of 3β,5α,6β-triol and 7-KC in human plasma, methanol-water (1:1) was used to prepare the calibration standards. Calibration curves were prepared by spiking the 3β,5α,6β-triol and 7-KC working solution into methanol-water (1:1) and plasma, and preparing serial dilutions that yielded eight calibration standards consisting of 3β,5α,6β-triol and 7-KC at 2, 4, 10, 20, 50, 100, 200, 400 ng/mL. Methanolwater (1:1) served as blank.
Quality control samples
A pooled-plasma sample was analyzed to establish the mean concentration of endogenous 3β,5α,6β-triol and 7-KC by the LC/MS/MS method. The low, medium and high plasma quality control (LQC, MQC and HQC) samples were prepared by spiking 3β,5α,6β-triol and 7-KC working solution to yield endogenous level + 0/0, endogenous level + 150/150, endogenous level + 300/300 ng/mL, respectively. The lower limit of quantification (LLOQ) sample was prepared in methanol-water (1:1). The endogenous level + 800/800 ng/mL QC, also known as a dilution QC, was at a concentration higher than the upper limit of quantification (ULOQ), and was diluted 1:4 and 1:9 with water prior to extraction.
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Linearity, precision and accuracy
The linearity of the response of each analyte was assessed over their respective calibration range for three analytical batch runs. The precision and accuracy of the assay was determined for each analyte at three QC concentration levels in human plasma over the three batch runs. The dilution QC was used to assess the dilution integration. These QC concentrations included the known fortified levels added to the plasma plus the endogenous concentration of analyte. For each QC concentration, analysis was performed in six replicates on each day except for dilution QCs of which three replicates were prepared. Precision was denoted by a percent 
Sample stability
For each analyte, stability in stock solution and standard matrix, stability to long-term storage and freeze/thaw, stability on the bench-top and in whole blood, and stability in the autosampler were determined as described in figure legend.
Analysis of subject samples
An analytical batch consisted of LQC, MQC and HQC and calibration standards in duplicate, a blank, a blank with internal standards and <120 unknown subject samples. The standard curve covered the expected unknown sample concentration range, and the samples that exceeded the highest standard were diluted and re-assayed. In the dilution sample re-assay, a diluted QC in triplicate was also included in the analytical run. The results of the QC samples provided the basis of accepting or rejecting the run (22) . At least 2/3 QC samples should be within 15% of their respective nominal value. One third of QC samples may be outside the 15% of their respective nominal value, but not all at the same concentration.
Statistics
Results are expressed as mean ± S.D. or as mean ± SEM. For group comparisons, the statistical significance of differences in mean values was determined by a two-tailed single-factor ANOVA or Student's t test. To perform correlations, data was analyzed using Pearson and Spearman correlations, as appropriate. A p value of 0.05 or less was considered significant.
RESULTS
Selection of ions for monitoring by mass spectrometry
Initially, mass spectrometric detection of underivatized 3β,5α,6β-triol and 7-KC was investigated using electrospray ionization (ESI) and APCI sources. Both 3β,5α,6β-triol and 7-KC were detected in positive APCI of steroid nucleus were chosen to set up multiple reaction monitoring (MRM) mass transitions for detections of 3β,5α,6β-triol and 7-KC. However, low responses of 3β,5α,6β-triol were observed when MRM detections were used even at the optimized collision energy (data not shown).
Oxysterol derivatization with dimethylglycine
To enhance mass spectrometric detection of 3β,5α,6β-triol and 7-KC, the oxysterols were converted into dimethylglycinates, which we previously have shown greatly improves ionization efficiencies of the oxysterols (23) (Figs. 1 and S1 ). The dimethylglycinate derivative of 3β,5α,6β-triol was temporally assigned as cholestane-5α-hydroxy-3β,6β-bis(dimethylglycinate) (CH-DMG 2 ), the 5α-OH moiety of 3β,5α,6β-triol was not esterified likely due to steric hinderance . (qualifier) for 7-KC-DMG. Since APCI mode was slightly more sensitive than ESI mode and less affected by ion suppression caused by ion pairing reagents in the mobile phase, it was selected as the method for detection of the oxysterol-DMG derivatives.
Evaluation of efficiency of oxysterol extraction and matrix suppression effects
Recovery of 3β,5α,6β-triol and 7-KC from human plasma was assessed using deuterated internal standards samples. First, replicates of control plasma, with and without the deuterated oxysterols, were extracted, and recoveries of 3β,5α,6β-triol and 7-KC assessed by comparison of the mean peak areas of internal standard and recovery samples (an internal standard was added to the plasma alone set to provide recovery standard). The recoveries of 3β,5α,6β-triol and 7-KC following protein precipitation with methanol and derivatization were 89% (2.04 %CV, n =3) and 90% (1.54 %CV, n =3), respectively. Since LC-MS/MS-based assays can also be affected by matrix ion suppression effects related to variation in ionization response due to matrix components co-eluting with the analyte, we assessed the suppression coefficient for 3β,5α,6β-triol and 7-KC by calculating the ratio of the average peak area response for the deuterated standards spiked in the recovery sample to the average peak area response in methanol-water (1:1) samples. The suppression coefficients of 3β,5α,6β-triol and 7-KC were 0.945 and 0.915, respectively, indicating similar matrix effects in plasma and non-biological matrix.
Calibration curves
Because of the endogenous presence of 3β,5α,6β-triol and 7-KC in human plasma, calibration standards were prepared in methanol-water (1:1), in addition to human plasma. Methanol-water mixture was selected as a standard matrix because it allowed use of a simple and well-controlled preparation method, demonstrated excellent linearity and repeatability, and minimized non-specific binding of the oxysterols. The slopes of the calibration curves were shown to be nearly identical in methanol-water and plasma ( Table 2 ). The intercept of the plasma calibration curve was larger than zero due to the endogenous oxysterol concentrations, while the intercept of the methanol-water calibration curve passed close to zero. The near identity in the slopes between the calibration curves indicated that methanol-water (1:1) was a suitable surrogate matrix.
Selectivity of the method
Selectivity is the ability of a bioanalytical method to distinguish between analyte and interference in the matrix.
To ascertain the selectivity of the method, we analyzed methanol-water (1:1) blanks with and without internal standard and six independent human plasma samples. No significant interference peaks were found in the methanol-water or plasma samples at the retention times or in the MRM channels for either the analytes or the internal standard ( Figs. 2A and G) . Typical chromatograms of human plasma in the absence (Figs. 2B and H) and presence of internal standards (Figs. 2C and I ) are shown. Endogenous 3β,5α,6β-triol and 7-KC were present in all human plasma examined. No significant interfering peaks from the methanol-water samples containing internal standards were observed at the retention times and in the MRM channels for the analytes (Figs. 2D and J) . Chromatograms of the second mass transitions of 591→488 (3β,5α,6β-triol) and 486→104
(7-KC) were used for confirmation purposes (Figs. 2F and L) . The selectivity was further confirmed by determining the branching ratio of the mass transitions from six individual blank plasma samples within 10% of the value of the calibrator (prepared in methanol-water, 1:1). The branching ratio is the ratio of peak areas of two mass transitions of 3β,5α,6β-triol (591→104/591→488) and 7-KC (486→383/486→104), and was used to assure specificity of the detection (24) (25) (26) . The branching ratios of six individual blank plasma samples were compared with the ratios of the same transitions in the upper limit of quantification calibrator containing 400 ng/mL 3β,5α,6β-triol and 7-KC ( Table S1 ).
Sensitivity of the method
The sensitivity of the assay, as defined by the lower limit of quantification, was determined for both 3β,5α,6β-triol and 7-KC using methanol-water (1:1) samples at 2 ng/mL, the lowest concentration in the standard curve.
Samples were processed and analyzed with a calibration curve and quality control samples. At the lower limit of quantification, the intra-run precision (CV) was <8% for 3β,5α,6β-triol and 7-KC, and the intra-run accuracies (RE, relative error) was within ± 10% for 3β,5α,6β-triol and 7-KC ( Fig. 3A and B) . A typical MRM chromatogram at the lower limit of quantification concentration is shown in Fig. 2E and K.
Precision and accuracy of the method
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The accuracy and precision of the plasma method were assessed by analyzing quality control (QC) samples along with a calibration curve on three different days. The calibration curve consisted of eight standards of different concentrations, each in duplicate, ranging from 2 to 400 ng/mL of 3β,5α,6β-triol and 7-KC in methanol-water (1:1). Excellent results were obtained for the calibration curves as the deviations of the backcalculated concentrations from their nominal values were within 15 % for all the calibration standards in the three days of validation. All the QC samples were prepared in human plasma, and the endogenous levels of 3β,5α,6β-triol and 7-KC were determined by mean of multiple replicates (n=12). The endogenous levels were used to calculate the nominal concentrations of the spiked and/or diluted QCs. The results of the QC samples in the three validation runs demonstrate intra-run precision (CV) <15% and intra-run accuracies (RE) <15% for 3β,5α,6β-triol and 7-KC, and inter-run precision (CV) <15% and inter-run accuracy <15% for 3β,5α,6β-triol and 7-KC (Fig. 3) . The accuracies of dilution integration samples are shown in Table S2 . Since sample carryover could adversely affect accuracy of an assay, we evaluated carryover by injecting a blank sample immediately following the highest standard (400 ng/mL for 3β,5α,6β-triol and 7-KC). No carryover or interference was observed in the region of interest (not shown).
Sample stability
3β,5α,6β-triol and 7-KC were stable in methanol stock solution and in standard matix (methanol-water (1:1)) for up to 24 hours at room temperature and for 42 days at -20 o C ( Table S3) . Stability of 3β,5α,6β-triol and 7-KC in the matrix of interest was evaluated under a variety of conditions to establish lengths of storage and sample processing conditions. The bench-top stability study showed that the 3β,5α,6β-triol and 7-KC were stable in human plasma for 15 hours at room temperature, and for 223 days at -80 o C and 100 days at -20 o C (Fig. 4A) . For processed samples (autosampler stability), the analytes were stable for 3 days at room temperature. The 3β,5α,6β-triol and 7-KC were stable in human whole blood at room temperature for 24 and 4 hours, respectively (Fig. 4B) .
Measurement of 3β,5α,6β-triol and 7-KC in plasma from human subjects
The LC-MS/MS assay was used to measure the free or unesterified 3β,5α,6β-triol and 7-KC concentrations in plasma samples from 109 NPC1 subjects (0-47 yrs; mean age 12 yrs), 89 controls (1-64 yrs; mean age 22 yrs) and 45 obligate heterozygotes (parents of NPC1 subjects) or known sibling carriers (5-77 yrs; mean age 40 yrs) ( Fig. 5A and B) . The 3β,5α,6β-triol (control mean 14.6 ng/ml, range 7.42-21.2 ng/mL; NPC1 mean 80.3 ng/ml; range 15.1-201 ng/mL; p<0.001) and 7-KC (control mean 29.0 ng/ml, range 11.4-44.4 ng/mL; NPC1 mean 229 ng/ml, range 24.7-489 ng/mL; p<0.001) plasma concentrations were significantly elevated in the NPC1 subjects, consistent with our previous findings (13) . The plasma 3β,5α,6β-triol and 7-KC were highly correlated ( Fig. 5C ; r 2 = 0.86), indicating that production of these oxysterols in vivo likely involves a common process (13) . To assess the ability of the 3β,5α,6β-triol and 7-KC assays to discriminate NPC1 subjects from controls, oxysterol concentrations in these groups were compared using histogram plots (Fig. 6A and Fig. 7A) and receiver-operator characteristic (ROC) analysis was performed. ROC curves demonstrated that the area under the curve for 3β,5α,6β-triol was 0.9958 ( Fig. 6B ) and for 7-KC was 0.9907 (Fig. 7B) . For 3β,5α,6β-triol, a cut-off value of 24.5 ng/ml yields a sensitivity of 97.3% and specificity of 100% to discriminate between NPC1 subjects and controls. Similarly, for 7-KC, a cut-off value of 47.5 ng/ml yields a sensitivity of 96.4% and specificity of 100% to discriminate between NPC1 subjects and controls. These oxysterol disease markers were also significantly elevated in NPC1 heterozygotes (3β,5α,6β-triol mean 19.7 ng/ml, range 9.61-38.6; 7-KC mean 43.8 ng/ml, 21.2-83.7 ng/ml), as compared to controls (Fig. 5) . 25% of the NPC1 carriers demonstrated plasma 3β,5α,6β-triol concentrations above the 24.5 ng/ml cut-off, and 36% of the NPC1 carriers demonstrated plasma 7-KC concentrations above the 47.5 ng/ml cut-off (Fig. 8) .
DISCUSSION
The non-enzymatically formed cholesterol oxidation products, 3β,5α,6β-triol and 7-KC, have recently been shown to be diagnostic markers for NPC1 disease (13) . The goal of this study was to develop a sensitive, highthroughput method for detection of these metabolites in human plasma that could be readily implemented in a clinical laboratory setting. We show that chemical derivatization with dimethylglycine successfully enhanced the ionization and fragmentation of 3β,5α,6β-triol and 7-KC for mass spectrometric detection of the oxysterol species in human plasma (23) . The LC-MS/MS method successfully resolved the oxysterol dimethylglycinates with high sensitivity and selectivity, and enabled accurate quantification of 3β,5α,6β-triol and 7-KC concentrations in human plasma. Examination of plasma from control and NPC1 subjects confirmed our earlier report of elevated plasma oxysterols in NPC1 disease, and demonstrated that this method could discriminate between control and NPC1 subjects with high sensitivity and specificity. This method provides a robust platform for clinical assessment of the oxysterol markers and offers for the first time a non-invasive, rapid and highly sensitive method for diagnosis of NPC1 disease.
The current diagnostic standard for NPC1 disease is an invasive skin biopsy, followed by filipin staining of the cultured fibroblasts for cholesterol (4) . The filipin assay, however, has several drawbacks. The assay is performed in only a few specialized centers world-wide, and typically requires several weeks from time of biopsy to report results. Moreover, the filipin test has limited sensitivity, is frequently indeterminate in NPC1 subjects with less severe disease, and may be confounded by NPC1 carriers who test positive. To improve measurement of cholesterol accumulation in cells, quantitative microscopy has been proposed as a diagnostic tool, but this approach similarly is unable to discriminate some classic and variant NPC1 cases from normal controls (27) . Routine DNA sequence analysis, which is used to confirm filipin test results, is more sensitive, but in both our and others experience fails to identify mutations on both alleles in 10-15% of NPC1 cases (28).
Because there is no dominant genotype in NPC1 disease and >300 private mutations in the NPC1 locus, mutation analysis alone may be unable to distinguish between disease-causing alleles and polymorphisms. By contrast, the LC-MS/MS assay for the 3β,5α,6β-triol and 7-KC species provides a functional readout of the NPC1 cellular phenotype (13), with far higher sensitivity and specificity (for 3β,5α,6β-triol, 97.3% sensitivity and 100% specificity) than is afforded by the filipin assay. The oxysterol analytes do not require specialized collection tubes (e.g., routine EDTA chelation is sufficient), are stable during processing and in samples stored at -20 o C, can be performed with small amounts of plasma (<50 µl), and require limited sample processing, all characteristics that will facilitate implementation of the LC-MS/MS oxysterol assay in clinical laboratory settings.
The availability of a simple, non-invasive and quantitative test has profound implications for diagnosis and treatment of NPC1 disease. The oxysterol assay will enable more widespread testing in populations enriched for NPC1 disease, such as neonates with jaundice or in adolescents and adults with psychiatric disease and neurological symptoms, patient groups in which the prevalence of NPC1 disease may approach 8% (29, 30).
Because the clinical presentation of NPC1 disease is similar to a number of other lysosomal storage disorders, measurement of plasma oxysterols will likewise provide a new diagnostic tool to clinicians to exclude the diagnosis of NPC1 disease in patients with enlarged livers or spleens, or with a suspected storage disorder. The oxysterol assay may also prove useful for monitoring response to therapy, by providing quantitative biomarkers that could serve as surrogate endpoints in clinical trials (13) . Finally, the LC-MS/MS-based assay could provide a platform for newborn screening. The feasibility of screening newborns for elevated oxysterol levels is supported by the demonstrated stability of the oxysterol analytes, the sensitivity for analyte detection in small blood volumes, and the stringent ROC curves. Early detection of NPC1 disease by an oxysterol newborn screening test would facilitate treatment in pre-symptomatic NPC1 subjects, individuals most likely to benefit from medical intervention (6) . Moreover, newborn screening of the general population will also provide for the first time the true incidence of NPC1 disease, which has likely been underestimated due to the difficulty in establishing a diagnosis.
Plasma oxysterol concentrations were elevated not only in NPC1 subjects, but also in non-affected NPC1
heterozygotes. Despite considerable overlap in oxysterol values between heterozygotes and controls, we found that mean 3β,5α,6β-triol and 7-KC plasma concentrations in NPC1 heterozygotes were increased approximately 1.3-and 1.6-fold as compared to control subjects, consistent with our earlier findings (13) . Nonetheless, a significant proportion of the heterozygotes demonstrated plasma 3β,5α,6β-triol and 7-KC concentrations that exceeded the upper limits of the normal range, indicating that the oxysterol assay is able to discriminate a subset of NPC1 carriers from the general population. Since cholesterol oxidation products, such as 3β,5α,6β-triol and 7-KC, result from excess tissue oxidative stress, elevated circulating oxysterol concentrations may reflect increased susceptibility for oxidative stress-related disease (e.g., atherosclerosis or neurodegeneration) and in theory could identify at risk individuals. Based on a calculated NPC1 mutation carrier frequency of 0.6%, we estimate that the subset of NPC1 heterozygotes with elevated oxysterol levels may represent up to 0.125% of the general population, and thus must be taken into consideration when setting reference values and interpreting assay results. In populations with increased incidence of NPC1 disease (e.g., neonates with jaundice, 5-8%), the false positive rate due to this heterozygote subset is negligible, and accordingly the positive predictive value (PPV) of the oxysterol test is >97%. On the other hand, population-based screening using a cut-off value for 3β,5α,6β-triol of 24.5 ng/ml may be more problematic since the PPV is <1%. This can be readily addressed by raising the cut-off value to 38 ng/ml, which effectively lowers the sensitivity to 87.6% but increases the PPV to 100%. The approximate 10% NPC1 cases in the overlap zone could then be detected using a secondary screen, such as another NPC1 disease-specific biomarker or sequencing of the NPC1 gene.
In summary, we describe the development of a sensitive and specific LC-MS/MS method capable of quantifying 3β,5α,6β-triol and 7-KC human plasma. Here, this assay is used to evaluate the intra-and intersubject variability of these oxysterol species in control, heterozygote and NPC1 subjects, and validate our earlier findings of increased plasma 3β,5α,6β-triol and 7-KC concentrations in NPC1 subjects. Measurement of plasma oxysterols offers the first non-invasive, quantitative and highly sensitive method for detection of NPC1 disease, and we believe will replace the filipin test as the diagnostic standard for NPC1 disease. The LC-MS/MS assay also provides a conceptual basis to screen newborns for NPC1 disease, and has the potential to transform currents approaches to diagnosis and treatment of the disorder. Fig. 1 . Product ion spectra and collision-activated dissociation of dimythlglycine derivatives of 3β,5α,6β-triol and 7-KC. Spectra for cholestane-5α-hydroxy-3β,6β-bis(dimethylglycinate) (CH-DMG 2 ) (A) and 7-ketocholesterol dimethylglycinate (KC-DMG) (B) are presented. Fragmentation patterns for each analyte are shown above spectra. Each data point represents n=3-6 replicates. subjects. (B) ROC curve demonstrates 0.9958 area under the curve for 3β,5α,6β-triol assay. Using cut-off value of 24.5 ng/ml, sensitivity is 97.3% and specificity is 100%. (B) ROC curve demonstrates 0.9907 area under the curve for 7-KC assay. Using cut-off value of 47.5 ng/ml, sensitivity is 96.4% and specificity is 100%. 
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